Introduction
Progress in orthopedic implantology has given rise to increasingly advanced composite materials designed not only to replace missing biological structures but also to activate the surrounding tissues and accelerate regeneration processes [1] [2] [3] . Such materials include polymer-fiber composites, which exhibit anisotropy similar to that of natural tissues and can be used to produce a variety of spatial structures with different orientations of the fiber phase. Owing to their valuable properties enabling a wide range of medical applications, polylactide (PLA) and its copolymers, including poly(lactic-coglycolic acid) (PGLA), may act as both the composite matrix and a filling or strengthening fiber phase [4] [5] [6] . The properties of PLA and PGLA depend on the stoichiometric composition of D-and L-lactide repeat units, their distribution along the chain, as well as the molecular weight of the polymer and its polymolecularity [7] . By controlling the process parameters of PLA formation, such as reaction time, temperature, and type of catalyst, one can obtain polymers with desirable characteristics. Indeed, the structure, properties, and molecular weight of PLAs have been discussed in many papers [7] [8] [9] . In living organisms, these polymers degrade as a result of ester bond hydrolysis [10] [11] [12] , which is influenced by both the crystallinity and porosity of the material. Depending on all these factors, the time of total PLA degradation ranges from 12-16 months to 2-5 years [13] [14] [15] . The rate of degradation may also be adjusted by the incorporation of glycolide. Depending on its molecular weight and composition, poly(D,L-lactide-co-glycolide) may be degraded over a period of 1-2 to 5-6 months [15] , which enables medical applications, such as suture threads, surgical meshes, and skin implants [16] [17] [18] . Owing to the fact that PGLA copolymers also exhibit good cellular adhesion and promote cell proliferation, they are applied in tissue engineering and as the fiber component of biocomposites. PLAand its copolymers are also widely used in research on the regeneration of bone tissue. Ficek et al. in [19] demonstrated the positive results in the treatment of bone cysts using PLA. Timashev et al. [20] analyzed the 3D biodegradable scaffold for bone tissue regeneration. Furthermore, the materials made of the lactic acid copolymers have been used as membranes for the GBR (guide bone regeneration), screws and pins to treat defects in bone [21] [22] [23] .In proposed solution, the biodegradable polymer constitutes a scaffold for new osteoblasts cell. The polymer will be removed in metabolic processes after execute function and bone regeneration.
Among the various methods ofPLAfiber formation [24] [25] [26] [27] [28] (molten polymer extrusion, dry spinning from solution, electrospinning), wet spinning from solution has a number of advantages. Importantly, it eliminates the risk of thermal degradation of the polymer, in contrast to molten polymer extrusion, in which the polymer material must meet strict requirements, including stoichiometric composition and crystalline structure (determining the melting temperature), as well as low moisture content. The problem of thermal degradation during processing of the materials based on copolymers of lactic acid was shown in [29] . However, in the case of forming fibers from wet solution, the problem does not occur, as we confirmed in the intrinsic viscosity of the starting polymer and the fibers obtained [30] . The melt polymer process was occasioned by the increase in molecular mass, which possibly yields the differences in the structure and properties of the materials.On the other hand, wet spinning process is realization in low temperature and we did not observe the degradation of PLA.Indeed, the main advantage of wet spinning from solution is that it allows considerable freedom in adjusting the process parameters, which can be configured to impart the desirable properties to the fibers, making them suitable for different applications. Lowtemperature fiber formation facilitates the incorporation (both in the spinning solution and in the fibers) of biomolecules, such as growth factors, protein substances, medicines, or antibacterial agents. The nanoadditives may be homogeneously distributed in the spinning solution by sonication [31] .
The use of nanocomposite fibers in biocomposites has contributed to the development of a new generation of materials for bone tissue regeneration [32] . In this area, ceramic nanoadditivesare of great value, and especially calcium phosphates, such as hydroxyapatite (HAp), β-tricalcium phosphate (β-TCP), and bioglasses, which are biocompatible with living tissues. In the literature, there are many reports on the application of such compounds in biomedical engineering [33] [34] [35] . Importantly, they impart osteoinductive or osteoconductive properties to the implantation materials.In the literature, there are many papers on the use of nanoadditives in bone surgery. In [36] , Ma et al. described theosseointegration of polyetheretherketone enriched with nano-hydroxyapatite and calcium silicate. Khoshakhlagh et al. [37] presented research related to bioglass/chitosan composites as bone substitutes. In [38] [39] [40] ,the results of the use of SiO 2 , TiO 2 , TCP, and silicon nanotubes within the bone tissue are described.
The objective of the present study was to determine the effects of process conditions on the formation of PGLA fibers containing ceramic nanoadditives (HAp or β-TCP) and to elucidate their influence on the microscopic, supramolecular, and strength properties. In the paper, the fiber formation from lactic acid copolymers according to the method from wet solutionwas developed under the patent [41] . The obtained fibers are to be woven into a fabric strengthening an implantation material stimulating the growth of bone tissue because of the presence of HAp or β-TCP, which have proven osteoconductive properties.
From the point of view of fiber applications, it is essential to achieve sufficient strength parameters and material porosity to ensure appropriate integration of the material with the natural bone tissue. The process parameters should be configured to obtain fibers with both high strength (more than 20 cN/tex) and high porosity, which is contradictory as porosity is known to adversely affect fiber strength.
Experimental

Polymer characteristics
PGLA fibers were made with a Resomer LG 824S glycolide/Llactide copolymer, a commercial product of Evonik (Germany). The L-lactide-to-glycolide ratio ranged from 79:21 to 85:15 with an intrinsic viscosity of 1.7-2.6 dL/g, according to the manufacturer's specifications. The copolymer purity was suitable for medical applications. The chemical composition of PGLA was verified by means of Fourier-transform infrared (FTIR) spectroscopy using a Nicolet 380 apparatus. Samples were made by casting a PGLA film in methylene chloride. The FTIR spectrum for the Resomer LG 824S PGLA copolymer is given in Figure 1 Molecular analysis of the PGLA copolymer was also conducted by means of gel chromatography (GPC/SEC) with chloroform as the mobile phase (solvent). Measurements were conducted at a column temperature of 35°C, a solvent flow rate of 0.7 m/ min, and an injection volume of 100 µL. The concentration was 1.5 mg/mL. Number-average molar mass (M n ), weight-average molar mass (M w ), and the degree of polydispersity were determined with the results given in Table 1 (the molecular weight distribution curve is presented in Figure 2 ). Intrinsic viscosity (ƞ)values were determined by means of an Ubbelohde viscometer using methylene chloride as a solvent at 25°C and are presented as mean values for six measurements.
The presented molecular weight distribution curve shows typical characteristics preferable for fiber-forming polymers.
Its maximum is shifted toward the fraction with a rather high molecular weight. At the same time, the fractions with the lowest and excessively high molecular weights are reduced. Furthermore, the polymolecularity of the polymer (M w /M n = 2.6) is appropriate from the standpoint of fiber formation.
Characterization of nanoadditives
The properties of nanoadditives introduced to PLAsolutions affect their interactions with both the polymer and the solvent, as well as the mutual interactions in the final fibers. As a result, they may modify the rheological parameters of the spinning solutions, their fiber-forming characteristics, and the resulting fiber properties. Two ceramic nanoadditives were used:
HAp (Ca 10 PO 4 ) 6 (OH) 2 -a commercial product from SigmaAldrich (synthetic compound no. 677418), β-TCP-a commercial product from Sigma-Aldrich (hydrated compound no. 693898).
The nanoadditives were characterized in terms of their size distribution profiles by means of dynamic light scattering (DLS) using a Zetasizer apparatus from Malvern Instruments.
The HAp was found to have a unimodal size distribution with a maximum at 163.9 nm. The size distribution curve for HAp molecules is presented in Figure 3a and an image of HAp is given in Figure 3a , showing numerous spherical particles whose sizes are consistent with the DLS results.
β-Tricalcium phosphate was also characterized by a unimodal size distribution, with a maximum at 202.0 nm. Figure 3b gives the molecular size distribution curve for β-TCP.
Before their addition to spinning solutions, HAp and β-TCP were suspended in methylene chloride and subjected to sonication to disperse agglomerates using a Sonic 3 cleaner (Polsonic) with a power output of 2 × 160W. On the basis of the evaluation of the dispersion effects and suspension stability, it was determined that the dispersion process should be conducted at 5-10°C for 15 min (HAp) and 30 min (β-TCP).
Rheological properties of spinning solutions
Rheological studies were conducted for a solution of PLA Resomer LG 824S in methylene chloride and analogous solutions containing 5% w/w nanoadditives (HAp or β-TCP).
On the basis of the preliminary research into the rheological properties of PGLA solutions aimed at maintaining apparent , the concentration of the examined solutions was 18.5%. The rheological properties of the solutions were studied by means of a Rheolab QC rheometer (Anton Paar) using cylinder H at 20°C. The rheological parameters n and k were determined from the Ostwald de Waele equation (Table 2) .
Analysis of the obtained plots of shear stress against the shear rate ( Figure 4 ) and the rheological parameters n and k shows that the studied solutions are shear-thinning nonNewtonian liquids (n<1) without a flow limit. The incorporation of nanoadditives led to an increase in k, which is a measure of solution consistency, and only small changes in n. 
Fiber formation
Fibers were formed by wet spinning from 18.5% solutions of the Resomer LG 824S copolymer in methylene chloride. The applied spinning machine was equipped with exchangeable modules and enabled fiber formation on ¼ industrial scale. The technological parameters were monitored at all times and maintained on a constant level. The drawing system offered smooth adjustment of linear speed within the range applied. The drawing ratio was monitored by continuous measurement of rotational speed using a digital frequency meter. The spinning solution was fed into the spinneret assembly by means of a gear pump. The spinneret had 500 holes each with a diameter of 0.08 mm. The spinning solution flow rate in the channels was 1 m/min. The exact parameters of the coagulation process and plasticizing drawing are protected by the Polish patent PL 399819 (2014) [41] . The fibers were drawn in several steps in different media at increasing temperatures with deformations close to the maximum possible values under the process conditions. Subsequently, the fibers were washed and dried under isometric conditions.
Methodology of examining PGLA fiber structure and properties
Specific tensile strength was determined using an Instron universal testing machine with software ver. IX, pursuant to the standard PN-EN ISO 5079:1999.
Fiber porosity was determined by mercury porosimetry using a Carlo-Erbaporosimeter coupled to a computer system. The porosimeter was used to measure total pore volume, the distribution of pore sizes 3-7,500 nm, and the total internal pore surface area.
The supramolecular structure parameterswere determined by using the wide-angle X-ray scattering (WAXS) method. Measurements were carried out by means of a diffractometerX'Pert PRO from PANalyticalusingCuKα (λ= 0.154 nm) as X-ray source and the following tube parameters: accelerating voltage of 40 kV and anode current of 30 mA. X-ray diffraction profiles of powdered samples were taken within the range of angles 2θ: 5°-45°.
The microscopic structure of the fibers was analyzed using the scanning electron microscopic (SEM) images. A highresolution SEM from FEI Nova NanoSEM 230 equipped with a field emission gun (FEG) was used.
Observations of cell morphologyof Normal Human
Osteobalsts,NHOst (Lonza, Switzerland).Adjacent to the materials cells were stained for 1 min with solution (1 mg/ mL) of acridine orange (AO;Sigma, USA), washed with PBSbuffered saline solution (HyClone, Germany), and viewed under microscope. Observations were made using anOlympus CX microscope (Olympus, Japan) with fluorescent attachment.
Pictures of adherent cells to the studied materials were made with a digital camera E-520 (Olympus, Japan).
Results and discussion
Mechanical properties
The structure and properties of the resulting fibers depend on the structure formed during coagulation and its modification during the subsequent deformation processes. In wet spinning from solution, coagulation is conducted in a solvent-non-solvent mixture whose composition enables two-way mass exchange. The mechanism of these processes (diffusion or "dropletbased"), which determines the porosity of the structure, mostly depends on the composition and temperature of the bath as well as the thickness and compactness of the external layer of the "film" through which diffusion occurs. This is accompanied by phase changes, usually preceded by gelling of the spinning solution stream.
In the coagulation process, the basic parameter determining the structure and properties of the resulting fibers is the asspun draw ratio and the related rate of deformation obtained at the drawing stage. The as-spun draw ratio was changed within a wide range of negative to positive values (−40% to 100%).
The tests involved final PGLA fibers (after three-step drawing) containing HAp or β-TCP nanoadditives, as well as fibers without a nanoadditive. The tensile strength properties of fibers modified with ceramic nanoadditives were compared to those of PGLA fibers without nanoadditives, and their supramolecular and macroscopic structures were examined. The fiber-forming conditions and the strength properties following the three-step drawing process for PGLA fibers are given in Table 3 , for fibers containing β-TCP in Table 4 , and for fibers containing HApin Table 5 .
With a view to imparting high strength properties to PGLA fibers, the drawing process was conducted in three steps in media with increasing temperatures. The highest specific tensile strength (34.6 cN/tex, see Table 3 ) was found for fibers formed with a negative as-spun draw ratio (−20%). Their elongation at break was 11-22%, which makes the fibers suitable for textile products. It should be noted that in all cases, these parameters were achieved because of a high total draw ratio, which ranged from 431% to 696%, depending on the as-spun draw ratio (Table 3 ). In turn, in a two-step drawing process, the maximum total draw ratio was 320-350%. The incorporation the longitudinal velocity gradient, changing along the fiber formation path. The value of that gradient is dependent on the as-spun draw ratio, and its effect is the orientation of structural elements along the fiber axis. The higher the as-spun draw ratio, the lesserthe obtained structure will be susceptible to further deformation (lower Rc). At the same time, the longitudinal velocity gradient increases due to the higher values of the asspun draw ratio. This enables a better and denser arrangement of the structural elements. However, such structures are less susceptible to deformation processes at the stage of drawing. This is consistent with the general regularities concerning the formation of fibers by wet spinning from solution [43] .That is why the strength of the studied fibers decreases with higher values of the as-spundraw ratio. These processes are also affected by the presence of nanoadditives in the coagulating polymer stream. The decreased strength of PGLA fibers of the nanoadditives β-TCP or HAp in PGLA resulted in lower strength of the fibers. Fibers modified with β-TCP exhibited a maximum specific tensile strength of 27.9 cN/tex, while the corresponding value for fibers with HAp was 24.3 cN/tex. These results were obtained at as-spun draw ratios of −20% and +20%, respectively (Tables 4 and 5 ). Importantly, the addition of β-TCP to the polymer caused a shift in the optimum as-spun draw ratio toward higher values (in order to ensure maximum specific strength). A similar pattern was previously observed for zinc alginate [42] , and it is probably attributable to different degrees of interactions between the nanoadditive and the polymer. At more positive as-spun draw ratios, the studied fibers show a general tendency toward lower tensile strength and the maximum total draw ratio also decreases because the structures produced at the stage of coagulation and their susceptibility to further deformation are mostly influenced by Table 5 . Fiber-forming conditions and tensile strength properties for PGLA fibers containing HAp following three-step drawing.
Sample symbol
As-spun draw ratio (%)
Total draw ratio (%)
Linear mass (tex)
Tenacity (cN/tex)
Elongation at brake (%)
Tensile
strength (MPa)
LGH1W modified with nanoadditives may be explained by the higher internal friction of the system subjected to deformation. The strength properties of the fibers are associated not only with the orientation of structural elements along the fiber axis but also with their crystalline structure (degree of crystallinity and crystallite size).
Supramolecular structure
In Figure 5 , X-ray diffractograms obtained for studied fibers are presented. In the WAXS profiles of samples, one dominant diffraction peak located at 2θ 16.5° corresponding to (110)/ (200) α or α′ forms of PLA is clearly visible. The absence of crystalline peak from PGLA confirms thelack of co-crystallizing of glycolate and lactate, and the fact that low concentration of the component in the copolymers remains largely amorphous.
The presented X-ray diffractogramsalso contain diffraction peaks above 2θ 25° corresponding to crystalline structure of HAp and TCP.
The structural analysis of the investigated samples was obtained by the deconvolution of the patterns into the amorphous halo and the crystalline peaks ( Figure 5 ). For this analysis, the experimental data were fitted by a combination of the Gauss and Lorentz functions calculated using the WAXSFIT software [44, 45] based on Hindeleh and Johnson's method. The shapes of the amorphous halo and the mesomorphic and crystalline peaks were selected according to the model proposed by Stoclet et al. [46] .
The crystalline and mesomorphic phase contents in the studied materials were calculated according to the following equation:
where A A and A C are the integral intensities of the amorphous halo and the peaks originating from the crystalline or mesomorphic phase, respectively.
Another characteristic feature of the structure formed under different conditions was detected by analyzing the lattice length (d-spacing) calculated according to Bragg's equation:
whereλ is the wavelength of the X-ray source (0.15418 nm) and θ is the angle of the reflection (half of 2θ of peak position).
The last factor studied by the WAXS method is the crystalline size corresponding to (hkl) planes direction. This factor was determined from diffraction peak widths using Scherrer's formula:
where L (hkl) is theaverage size of crystalline areas perpendicular to lattice planes (hkl), θ is the Bragg angle for planes (hkl), λ is the wavelength of X-ray radiation (for CuKα λ = 0.154 nm), B is the half width of the diffraction peak for planes (hkl), K is theScherrer constant for the particular polymer (0.9 in this case).
The precise structural analysis conducted by the use of numerical method shows the differences between samples( Table 6 ). The dominate structure of the studied materials is the mesophase. The domination of preordered crystalline form results from the low overall crystallinity of the studied samples. The thermal and drawing regime during wet spinning process is probably less favorable for PLA crystallization than melt spinning process of forming the fibrous materials [47, 48] . The PGA component in the copolymer could also be not without significance in the case of crystallization of PLA chains.
The obtained resultsalso present the influence of nanoadditives on the crystallization of studied fibers. The addition ofHAp and TCP decreases the content of the crystalline phase and the overall crystallinity what affects the physical properties of studied materials, for example, mechanical properties.The reduction of the degree of crystallinity in the case of fibers containing nanoadditives is most likely due to the more difficult orientation of the macromolecules during the stretching process as a result of an increase in the internal friction of the system. Nanoadditives create a kind of obstacle to macromolecules during their orientation along the road of formation.
What is worth noting, the most visible influence on the physical properties has the structure of the crystalline phase. The fibers characterized by optimal and expected physical properties are obtained only in the case when the d-spacing and the crystalline size are around 0.54 and 5.5 nm, respectively. The physical properties changedwhen the d-spacing is around 0.53 nm despite the fact that the crystals of PLA are increasing.
The observed phenomenon confirms the strong impact of d-spacing on the physical properties of fibers, what was reported previously. The change in wet spinning parameters causes the disorder-to-order phase transition (ά to α form) of poly(L-lactide) [49] . The domination of orthorhombic ordered α form results in less strain of fibers than those in the case of pseudo-orthorhombic ά form.
Porosity and microscope analysis
The total pore volume determined by mercury porosimetry was 0.3-0.4 cm 3 /g, with a pore surface area of 18.25-24.5 m 2 /g. The volume of 3-1,000 nm pores ranged from 0.068 to 0.076 cm 3 /g, which corresponds to a percentage share of 18.2-21.32%. Wherein, the average pore size range was 75-300 nm. Pores of such sizes are responsible for the absorption of moisture by capillary condensation, which implies very low moisture sorption (0.8-1.0% RH). Pores of approximately 7,500 nm entail the presence of voids between elementary fibers, which may be considered favorable because it may facilitate the access of bodily fluids to the surface of elementary fibers in the bundle, thus making it easier for the fibers to be resorbed in the human organism. The obtained type of porosity may be termed a compact, fine pore structure, which is corroborated by SEM images of crosssections of the studied fibers ( Figure 6 ). The images also show the presence of nanoadditives dispersed in the fibers. The fiber surface (Figure 7 ) exhibits numerous cracks of different lengths and depths, which is typical of fibers formed by wet spinning from solution. This surface inhomogeneity is beneficial because of the important role played by thePGLA fibers isin the composite material (the presence of rough areas improves the adhesion of bone cells following implantation). The beneficial effect of porosity for better adhesion of cells to the fibers has been found in one of our recent unpublished work on the different types of fibers (calcium alginate, chitin derivatives, carbon fibers). Applications of PGLA nanocomposite fibers PGLA fibers modified with β-TCP, with a specific tensile strength of 28 cN/tex and with 500 elementary fibers per bundle, were used to produce a plain-weave fabric using a laboratory loom. The resulting fabric had a surface density of 458 g/m 2 . Subsequently, the fabric was subjected to in vitro studies, which will be reported in a separate publication. It should be noted that the studied implantation material makes it possible to obtain structures with predetermined directional proliferation of cells (osteoblasts), as shown in Figure 8 .
PGLA fibers modified with β-TCP and HAp is 27.9 and 24.3 cN/ tex, respectively. Moreover, the macroscopic structure of the fibers is suitable for their purpose and their total pore volume ranges from 0.3 to 0.4 cm 3 /g.
The supramolecular structure of the fibers corresponds to their tensile strength properties, which are in turn affected by the deformation processes occurring during fiber formation. At the stage of coagulation, these processes are mostly affected by the longitudinal velocity gradient (dependent on the as-spun draw ratio), and at the stage of stepwise drawing, they are influenced by the maximum total draw ratio.
The suitability of nanoadditive-modified PGLA fibers with the structure and properties described earlier for the production of biocomposites for bone tissue regeneration has been confirmed by in vitro studies.
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CONCLUSIONS
The presented study investigated the formation conditions of PGLA fibers with a view to obtaining high tensile strength properties. The determined as-spun draw ratio values at which the fibers met the strength criteria were −20% for PGLA fibers without nanoadditives and containing β-TCP and +20% for PGLA fibers containing HAp. The specific tensile strength of
